Introduction
Polycyclic aromatic hydrocarbons (PAHs), a class of mutagenic and carcinogenic compounds and persistent toxic substances, are among the most notorious and ubiquitous pollutants in the environment (Xue and Warshawsky 2004) and 16 have been identified as 'priority pollutants' by the United States Environmental Protection Agency (USEPA). Although PAHs can be released into soils from natural sources such as volcanic eruptions and forestprairie fires, anthropogenic activities such as oil refining, coke production and steel manufacturing play a dominant role in the pollution of the ambient environment with PAHs (Bjorseth and Ramdahl 1985) .
Soils can accumulate a wide range of pollutants and can serve as a medium for the indirect integration of historical and recent pollution sources (Wild and Jones 1995) . Wild and Jones (1995) considered that at least 90% of the environmental PAH burden in Great Britain was stored in soils. Soils are therefore a good indicator of PAH pollution and environmental risk. It has been suggested that the primary input of PAHs to topsoils is by air-to-surface precipitation (Wang et al. 2002; Tao et al. 2003) . Once in the soil, PAHs can be strongly adsorbed to soil organic matter (SOM) because of their high octanol/water partition coefficients and can thereby be retained in the soil matrix for long periods of time .
Polycyclic aromatic hydrocarbons were first detected in agricultural surface soils in 1961 and were assumed to be the result of natural processes (Blumer 1961) . From then on, a number of studies investigating PAH contamination in agricultural (Maliszewska-Kordybach 1996; Manz et al. 2001) and forest (Matzner 1984; Matzner and Murach 1995; Aamot et al. 1996; Krauss et al. 2000; Wenzel et al. 2002) soils have been conducted and anthropogenic impacts on PAHs were found in temperate and tropical regions (Wilcke et al. 1999a, b) . Rapid economic development in China in recent years has led to a gradual shift in most studies on PAHs from rural to urban areas (Zhang et al. 2006; Chung et al. 2007; Zou et al. 2007; Bozlaker et al. 2008) . Levels of PAHs in urban soils are much higher than in rural soils and this observation supports the conclusion that anthropogenic activities are the main sources of PAH contamination in urban soils. Several studies on PAH emissions from mobile sources (Westerholm et al. 1992 (Westerholm et al. , 1996 Rogge et al. 1993 ) and industrial processes (Yang et al. 1998 (Yang et al. , 2002a Dyke et al. 2003) have also been conducted. Located in east China and regarded as a typical emerging megacity, Shanghai has a dense human population, a heavy concentration of vehicular traffic and a large industrial base. However, up to now little information has been available on PAH contamination of urban soils in Shanghai, especially in the green belt. The main aim of the present study was therefore to determine PAH concentrations in topsoils in some key areas of Shanghai and to identify the possible sources of PAH contamination to provide information for future studies on human health risk assessment. Another important aim of the investigation was to determine background values for PAHs in Shanghai soils to establish a reference for future contamination assessment.
Materials and methods

Sample collection and preparation
Soil sampling was carried out in November 2007. Surface soil samples (0-2 cm depth) were collected with a stainless steel auger from green belt soils at 44 locations in Shanghai representing ten different land use categories. These categories were outer-ring highways, iron-smelting plants, steel-smelting plants, shipbuilding yards, coking plants, power plants, chemical plants, urban parks, university campuses, and residential areas. These sampling locations, with the exception of a newly built park, are all in Puxi District. The distribution of the sampling locations is shown in Fig. 1 . At highways, samples were taken 10 cm away from the road side, and at plants, parks or residential areas, samples were collected from the central area. Each soil sample consisted of three sub-samples collected from the surrounding area of each site and 44 composite soil samples were obtained in total. The samples were taken to the laboratory, dried at ambient room temperature, ground to pass a 100-mesh sieve, and then stored at -4°C before analysis. Soil water content was determined gravimetrically after heating in an oven at 105°C for 8 h and all results are presented on an oven dry basis. SOM was determined using the potassium dichromate oxidation procedure. Soil pH was measured using a pH meter by suspending 10.0 g soil sample in 25 ml deionized water (Lu 2000) . Soil pH values were all in the range 7.5-9.0. Contents of SOM were in the range 3-20% and the standard deviation of measurement was controlled within ±2-5%.
Sample extraction, cleanup and analysis
Extraction and cleanup procedures were conducted as described by Fang et al. (2008) . Twenty grams of soil were transferred to a Soxhlet apparatus and extracted for 24 h with 75 ml acetone and dichloromethane mixture (1:1, v:v) in a 65°C water bath. Activated copper powder was added to remove sulphur in the extracts. The extract solutions were then concentrated with a rotary evaporator and cleaned up using a chromatographic column consisting of 10 g of neutral aluminum oxide, 5 g of activated silica gel, and 5 g of anhydrous sodium sulphate to minimize interferences from non-target compounds. The column was eluted with 30 ml n-hexane, 30 ml n-hexane and dichloromethane mixture (4:1, v:v), and 30 ml n-hexane and dichloromethane mixture (2:1, v:v). The eluent obtained was further cleaned up with sulphuric acid, distilled water and anhydrous sodium sulfate to remove esters, residual acid and residual water respectively. Finally, the solution was again concentrated and made up to 5 ml in a volumetric flask with dichloromethane (chromatographic grade) before analysis. Furthermore, d 10 -pyrene was added as an internal standard.
All solvents used were of guaranteed reagent or chromatographic grade. Quantitative analysis of the soil samples was done by gas chromatography with mass spectrometer detector in Fudan University, Shanghai. High purity (99.99%) nitrogen was used as the carrier gas. The initial oven temperature was 80°C and held for 1 min. It was then raised at 25°C/min up to 160°C (held for 5 min). 
Quality control
The concentration required to produce a signal-to-noise of 3:1 in the blank sample was defined as the detection limit (LOD). The LOD ranged from 0.005 lg/kg for naphthalene to 0.100 lg/kg for benzo(g,h,i)perylene. Two laboratory blanks were conducted along with the soil samples and concentrations of PAHs were corrected accordingly. The procedure was also checked for recovery efficiencies by spiking the control sample with known concentrations of PAH standards. The average recovery of the spiked standard was in the range of 90% for naphthalene to 112% for benzo(g,h,i)perylene. In addition, three replicate samples were run and the variation in PAH concentrations in these samples was less than 15%.
Statistical analysis
The Kolmogorov-Smornov (K-S) test was performed to test the frequency distribution of PAH concentrations.
The variables that were not normally distributed were logtransformed to achieve normal distribution prior to statistical analysis. The mean values, median values, standard deviations and ranges were calculated to assess the variation in soil PAH concentrations. Principal components analysis (PCA) with varimax rotation was conducted on soil PAH concentrations using SPSS 11.5 for Windows to help identify the sources of PAH pollution.
Results and discussion
PAH concentrations and distribution in areas of differing land use
The averages, medians, standard deviations and ranges of individual compounds and total PAHs in each area are shown in Table 1 . The mean concentrations of soil total PAHs in all districts were greater than 3000 lg/kg. Maliszewska-Kordybach (1996) developed a classification system of contamination of soils by PAHs (Table 2) based on studies of PAH concentrations in European soils, as well as from an estimation of risk of human exposure, and the classification has been widely accepted and cited (Morillo et al. 2008; Hu et al. 2009 ). According to the classification system all the sampling areas apart from an urban park can be considered to be heavily contaminated with PAHs. Concentrations of total PAHs at highways and industrial areas were 2-10-fold higher than those of universities, urban parks and residential areas. However, power plants were the sole exception, with slightly higher concentrations than the latter. Compared with the concentrations of total PAHs reported in urban soils from other Chinese cities, the data presented here are comparable to Beijing (Tang et al. 2005 ) but much higher than Hong Kong (Chung et al. 2007) or Dalian ). This may be related to the location of universities, urban parks and residential areas being sampled. These are all situated near the center of the city and are affected by heavy vehicular traffic.
Other studies have also indicated that emissions of PAHs from mobile sources are not negligible (Rogge et al. 1993; Westerholm et al. 1996) . All locations sampled in the present study have already been subject to potential hazards of PAHs to public health. Moreover, concentrations of PAHs were also related to the time of construction in these districts. Duval and Friedlander (1981) , Tam et al. (2001) and Yang et al. (2002a, b) . It was suspected that spillage and leakage of oil wastes from shipbuilding, casual accumulation of petrochemical products from chemical manufacturing, and coal combustion from coking plants were the major contributors of high concentrations of PAHs at these sites.
Moreover, even comparing sites with the same land use categories, concentrations of the higher aromatic-ring numbers were slightly higher than those of the lower, which were almost undetectable in parks, universities and residential areas. This may be due to the semi-volatile characteristics of PAHs, with 2-3 ring compounds much more readily volatilized than the others (Barrie et al. 1992; Tremolada et al. 1996) .
PAH profiles
Polycyclic aromatic hydrocarbon profiles in soils from different land use categories are presented in Fig. 2 . The ratio of PAHs with a certain number of rings to the total PAHs was used as an indicator of PAH profiles. Similar PAH profiles were observed in all land use categories and high molecular weight PAHs (HMW) ([4-ring PAHs) dominated the whole PAH profiles, accounting for nearly 95% of the total PAHs. The fractions of 2-and 3-ring PAHs were all less than 10%, especially the former. This disagrees with the results of Tang et al. (2005) who concluded that the fraction of 6-ring PAHs was relatively low in urban soils from Beijing. On account of the different physicochemical properties of PAH compounds and differences in environmental conditions at different locations, variation in PAH composition profiles may be expected. Whylie et al. (2003) suggested that POPs can be classified into four categories based on P L and K OA , and only those compounds with certain properties are susceptible to long-range atmospheric transport. Low molecular weight (LMW) PAHs are subject to transport to remote areas and regarded as 'multi-hop' compounds, while HMW PAHs are mostly associated with particulate matter which is readily deposited (Caricchia et al. 1999; Kendall et al. 2001 ) and therefore undergo 'single-hop' transport behavior and are prone to rapid deposition and retention close to the source location. Furthermore, the lower the molecular weight of PAHs, the higher their volatility (Tremolada et al. 1996) , and Li et al. (2001) therefore deduced that the atmospheric deposition of high-ring PAHs was the most prevalent source of pollution in soils. Cheng et al. (2007) found that concentrations of PAHs with 3 rings in dust of industrial areas in Shanghai were very low, while 4-, 5-, and 6-ring PAHs dominated. All the published results outlined above are consistent with the results of the present study.
Effect of soil organic matter
A significant positive correlation between organic matter content and PAH concentrations in soils has been widely observed, implying that PAHs tend to combine with SOM (Jones et al. 1989; Wilcke et al. 2002; Ribes et al. 2003) . In the present study, Kendall's Tau-b and Spearman's Rho were employed to investigate the relationship between the concentration of total PAHs and SOM content in samples. Results showed a significant relationship at the 0.01 level, and the correlation coefficients were 0.500 and 0.693, respectively. This suggests that higher concentrations of PAHs may be detected in soils with higher SOM contents. Thus, it is possible that the level of soil contamination with PAHs may be pre-determined by soil organic content.
Potential sources of PAHs
In general, PAHs are mainly derived from residential heating, coal gasification and liquefying plants, carbon black, coal-tar pitch and asphalt production, coke and aluminum production, catalytic cracking towers and related activities in petroleum refineries, and also motor vehicle exhausts (Dabestani and Ivanov 1999) . It is necessary to identify the primary sources of PAHs in order to assess the environmental risks caused by them. Up to now, various techniques have been used. However, PCA analysis and the ratios of isomer PAHs are most widely employed to identify the main sources of PAHs.
Principal components analysis
PCA with varimax rotation was applied to the concentrations of the 16 PAHs. The component pattern matrix is presented in Table 3 . Two principal components (PC1 and PC2) were identified, accounting for nearly 93% of the total variance. Factor 1, which explained 68.4% of the total variance, had high loading on PAHs mainly with [4 rings, including Fla, Pyr, Chr, Baa, Bbf, Bkf, Bap, I1p, and Bgp. Among these, Fla, Pyr, Chr, Baa, Bbf, Bkf and Bap are often regarded as typical markers for coal combustion, while I1p and Bgp have been identified as typical tracers of vehicular sources of PAHs (Simcik et al. 1999; Larsen and Baker 2003) . Moreover, in the industrial districts studied here, various types of coal have been used and heavy vehicle traffic consumes large amounts of petroleum-related products. It is therefore reasonable to assign Factor 1 mainly to the contribution from coal combustion and vehicle emissions, which is consistent with related studies (Yunker et al. 2002; Lehndorff and Schwark 2004) . In the case of lower molecular mass compounds, Ane, Fle, Phe and Ant are dominated by Factor 1 and Factor 2, whereas Nap and Any are only dominated by Factor 2, which explains 24.5% of the total variance. Ane, Fle and Phe have occasionally been used as indicators of coke oven sources (Simcik et al. 1999) . Since 2-ring PAHs (Nap and Any) have greater atmospheric mobility, Nap is usually used as an indicator of PAHs volatilized from creosote and coal tar (Khalili et al. 1995) . It is clear that there are numerous sources influencing PAH concentrations in soil and elucidation of individual sources is difficult. In addition to local sources, the long-range atmospheric influx of PAHs from other locations may also reach the soils in the study area by aerial deposition. It could therefore be suggested that Factor 2 represents the contribution from coke and atmospheric influx. Factor 1 and Factor 2 have been plotted in Fig. 3 to help interpret our PCA results.
Ratios of individual PAHs
The ratios of individual PAH species have been frequently selected as diagnostic tools to discriminate the origin of PAHs (Zheng and Fang 2000; Lee et al. 2001; Zheng et al. 2002) . In general, the ratios of Phe/Ant within the 3-ring PAH group and Fla/Pyr within the 4-ring PAH group have been used to distinguish between pyrogenic sources (coal burning, wood burning, vehicular exhaust emissions) and petroleum origins. Phe/Ant ratio \10 and Fla/Pyr ratio [1 are taken as indicators of pyrogenic sources while Phe/Ant [15 and Fla/Pyr \1 indicate petroleum origins of PAHs (Baumard et al. 1998) . The ratios of Phe/Ant and Fla/Pyr in soil samples collected from different land use categories are listed in Table 4 . In the present study the Fla/Pyr ratios were higher than 1.0 except in the soil samples from the urban parks, while the Phe/Ant ratios were greater than 10.0 with the exception of the soil samples from the coking plants and chemical plants. It is therefore easy to conclude that the source of PAHs in soil samples from coking plants and chemical plants is mainly a pyrogenic influence and PAHs in the remainder of the soil samples from other land use categories are derived mainly from a combination of pyrogenic and petroleum sources. Since the PAHs with 4-6 rings were the most important species in this study, Baa/ Chr and I1p/Bgp were also used in order to further demonstrate the sources of soil PAHs, and the results obtained are presented in Table 4 . It has been suggested that the Baa/Chr and I1p/Bgp ratios for coal combustion source are 1.11 ± 0.06 and 1.09 ± 0.03 respectively (Dickhut et al. 2000) . Table 4 shows that the Baa/Chr ratios were mostly in the range of 1.1-1.4, apart from the soil samples from highways, iron-smelting plants and steel-smelting plants, and I1p/Bgp mostly ranged from 0.9 to 1.2 except in the soil samples from highways. We therefore suggest that PAHs in soils from highways are mostly derived from petroleum (vehicular traffic) and in soil samples from other land use categories the PAH concentrations are predominantly influenced by coal combustion. These results agree well with those of Tang et al. (2005) . Clearly, the PAH diagnostic ratios are affected by the primary sources and any transformation and transition of PAHs in the environment may influence our diagnostic capabilities (Zhang et al. 2005 ). This should be taken into account when assigning soil PAHs to particular sources.
Conclusions
The mean concentrations of total PAHs in soil samples from areas of different land use category in Shanghai were all over 3,000 lg/kg and the concentrations in the highways and industrial areas were 2-10-fold higher than those in universities, urban parks and residential areas. There was a significant relationship between total concentrations of PAHs and SOM content. In all land use categories, soil PAH concentrations were mostly dominated by those with Plots with PC1 and PC2 from principal component analysis as X and Y-axis on various PAHs. PC1 was able to explain 68.3% of the total variance, PC2 was able to explain 24.5% of the total variance [4 rings. PCA analysis revealed that PAHs in soils originated mainly from coal combustion, vehicular traffic and atmospheric influx, while diagnostic ratios of PAH isomers suggests that PAHs in soil samples from highways were derived mainly from petroleum, and that coal combustion and petroleum were two key sources PAHs at the other sampling locations.
